Purpose: Lynch syndrome accounts for 2-5% of endometrial cancer cases. Lynch syndrome prediction models have not been evaluated among endometrial cancer cases.
Given the 2-5% prevalence of LS among EC cases, germline testing of all EC cases is not practical because of its high cost. 7, 8 Preselecting those who should undergo germline testing is more appropriate and cost-effective. 3 Molecular tumor testing, including immunohistochemistry (IHC) or microsatellite instability (MSI) analysis, has been proposed as a practical first step in evaluating women suspected to be at risk for LS. 7 However, this approach is not routinely performed for EC. Until molecular testing becomes routine for all EC cases, the utility of predictive tools that utilize personal and family cancer history must be explored.
Clinical prediction rules were recently developed to aid clinicians in identifying patients who should undergo genetic intROdUctiOn Lynch syndrome (LS), an inherited syndrome caused by mutations in the mismatch repair (MMR) genes MLH1, MSH2, MSH6, and PMS2, 1 is characterized by an increased susceptibility to colorectal cancer (CRC), endometrial cancer (EC), and other malignancies. 2 Gene mutation carriers can present with EC as their sentinel malignancy. 3 Among women with EC, it is important to identify those who may have LS because these women have a high likelihood of developing a second cancer.
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testing for LS. These include PREMM, 9, 10 MMRpredict, 11 and MMRpro, 12 which all provide a quantitative risk estimate of having a mutation and may inform clinicians on how to proceed with genetic evaluation. Although the performance of these models has been validated in a number of CRC cohorts [13] [14] [15] [16] [17] [18] and revealed excellent discriminative ability with high sensitivity and specificity in both population-and clinic-based CRC cases, their performance has not been assessed among EC cases. The purpose of this study was to evaluate the performance of the PREMM 1, 2, 6 , MMRpredict, and MMRpro models in distinguishing MMR gene mutation carriers from noncarriers among population-and clinic-based EC cases.
mAteRiALs And metHOds
Population-based cases
We analyzed data from 563 unselected subjects with EC enrolled through the Ohio State University Columbus-area LS study from January 1999 to December 2003. 6 All subjects provided detailed personal and family cancer history data, and available endometrial tumor specimens were evaluated for MSI (N = 560). IHC staining for loss of protein expression of the MMR genes (MLH1, MSH2, MHS6, and PMS2) was conducted for tumors displaying MSI or when subjects met one of the following criteria: (i) diagnosis at age <50 years, (ii) synchronous or metachronous CRC and EC primaries, and (iii) presence of a first-degree relative with EC or CRC diagnosed at any age. A subset of microsatellite stable tumors were also evaluated by IHC (N = 223). Subjects whose tumors demonstrated MSI and/ or abnormal IHC staining underwent germline genetic testing. Molecular tumor testing and mutation analysis were performed using the methods described previously by Hampel et al. 
High-risk clinic-based cases
Data from 129 families affected with EC and recruited through the familial cancer (high-risk) clinics participating in the Colon Cancer Family Registry were analyzed. High-risk clinic-based probands enrolled into the Colon Cancer Family Registry fulfilled one or more of the following eligibility criteria: two or more relatives with a personal history of CRC or LS cancer, a proband diagnosed with CRC at a young age, or a proband presenting at a cancer clinic with LS or Lynch-like syndrome. Cancer-affected relatives and selected unaffected relatives up to at least the second degree were subsequently recruited. A detailed overview of the design and methods pertaining to the Colon Cancer Family Registry was published by Newcomb et al. 19 and is available at http://epi.grants.cancer.gov/CFR/. High-risk families were recruited from three of the six sites participating in the Colon Cancer Family Registry: Mayo Clinic, University of Southern California Consortium, and University of Melbourne (Australasia). Of the 129 unrelated EC cases analyzed, 24 and 74 had MSI and IHC results, respectively, and 70 cases had undergone germline testing. Of the 59 EC cases who did not have germline testing, those who had a first-degree relative with a known deleterious MMR gene mutation were assumed to have an MMR gene mutation, whereas those who had a first-degree relative with a negative germline testing result were assumed not to have an MMR gene mutation. Molecular tumor testing and mutation analysis were performed using the methods described previously. [19] [20] [21] 
statistical analysis
We calculated the risk scores using the PREMM 1,2,6 , MMRpredict, and MMRpro models. The PREMM 1,2,6 score was generated for all subjects using proband-specific variables: gender, history and ages of CRC and EC, and history of other LS-associated cancers (ovary, stomach, small intestine, urinary tract/kidney, bile ducts, glioblastoma multiforme, sebaceous gland tumors, and pancreas). Family history data included the number of first-and second-degree relatives with a history of CRC, EC, and other LS-associated tumors, as well as the youngest ages of diagnosis of CRC and EC.
The variables in the MMRpredict model include age at diagnosis of CRC, gender, location of tumor (proximal versus distal), synchronous or metachronous tumors, history and youngest age of diagnosis of CRC in first-degree relatives, and history of EC in any first-degree relative. Because the MMRpredict model does not account for extracolonic tumors, we used age at diagnosis of EC in place of CRC age. Because location of tumor does not apply to EC, we calculated two sets of MMRpredict scores: one score considered EC a proximal tumor, and the second score considered EC a distal tumor. We generated MMRpredict scores, without considering MSI or IHC, for 156 populationbased and 99 clinic-based subjects with EC diagnosis age <55 years to replicate the CRC cohort in which MMRpredict was developed.
The MMRpro model uses the following variables for the proband and first-and second-degree relatives: ages at diagnosis of colorectal and ECs and current age or age at last follow-up for those unaffected by CRC or EC. For relatives who were diagnosed with cancer but did not provide an age at diagnosis, we used the mean age at diagnosis of all patients in each cohort (for CRC, 63 years for population-based cases and 50 years for clinic-based cases; for EC, 62 years for population-based cases and 49 years for clinic-based cases). For those unaffected by cancer without a current age or age at last follow-up, we estimated their date of birth (DOB) as follows: (i) for siblings, the proband's DOB was used; (ii) for children, nieces, and nephews, a date 30 years later than the proband's DOB was used; (iii) for parents, aunts, and uncles, a date 25 years before the proband's DOB was used, and (iv) for grandparents, a date 50 years before the proband's DOB was used. MMRpro scores, with and without tumor testing results, were generated using the BayesMendel R package for MMRpro 22, 23 for all clinic-based subjects and for 232 population-based subjects who had a complete family history up to the second-degree relatives.
For each of the three prediction models, discrimination between gene mutation carriers and noncarriers was quantified using the area under the receiver operating curve (AUC) with 95% confidence intervals (CIs). Calibration was assessed by comparing the average predictions from each model with the observed prevalence of mutations. We also obtained the sensitivity, specificity, positive predictive value (PPV), and negative predictive value (NPV) using the cut-off levels in the original model development for PREMM 1, 2, 6 : ≥5%, ≥10%, ≥20%, and ≥40%, and for MMRpredict: ≥0.5%, ≥5%, ≥20%, and ≥45%. Cut-off levels for MMRpro were chosen arbitrarily to match those of PREMM 1, 2, 6 . These results were compared with the sensitivity and specificity of MSI and IHC. All calculations were performed using SAS software, version 9.1 (SAS Institute, Cary, NC).
This study was approved by the Dana-Farber/Harvard Cancer Center institutional review board.
ResULts
Patient characteristics
A total of 692 EC cases were included in this study: 563 (81%) were population-based cases and 129 (19%) were ascertained through high-risk familial cancer clinics. Among the 563 population-based EC cases, 14 (2.5%) had pathogenic mutations: 2 (14%) in MLH1, 3 (21%) in MSH2, and 9 (64%) in MSH6. In the clinic-based cohort, 80/129 (62%) subjects had pathogenic mutations: 31 (39%) in MLH1, 40 (50%) in MSH2, and 9 (11%) in MSH6. Table 1 presents the subject characteristics stratified by mutation carrier status. 
MSI.
Abnormal MSI results were observed in 131 (23%) population-based EC cases, with 23 (4%) having MSI-low tumors and 108 (19%) MSI-high tumors. Ten of the 13 (77%) mutation carriers who took MSI testing had MSI-high tumors, 2 (15%) had MSI-low tumors, and 1 (8%) had a microsatellite stable tumor. One mutation carrier did not have MSI because of insufficient tumor sample. All MLH1 and MSH2 mutation carriers had MSI-high tumors. Among the MSH6 mutation carriers, 1 (12%) had a microsatellite stable tumor, 2 (25%) had MSI-low tumors, 5 (63%) had MSI-high tumors, and 1 did not have MSI testing because of insufficient tumor sample. Abnormal MSI results had 92% sensitivity, 78% specificity, a PPV of 9%, and an NPV of 99.8% for identifying cases with germline mutations. In terms of identifying cases with abnormal IHC, MSI yielded a sensitivity and specificity of 93%, a PPV of 88%, and an NPV of 96%. Conversely, the sensitivity and specificity of IHC staining to detect MSI-high/low tumors were 88 and 96%, respectively.
IHC.
Abnormal results were seen in 93 (27%) of 348 cases who had IHC testing for MLH1, of which 2 had a germline MLH1 mutation. Abnormal results were seen in 19 (5%) of 352 cases who underwent IHC testing for MSH2. Of these, 2 were MSH2 mutation carriers. One MSH2 mutation carrier had a normal IHC for MSH2. Among 337 cases tested for IHC for MSH6, 28 (8%) had abnormal results. Of these, 2 had germline MSH2 mutations and 8 had germline MSH6 mutations. Loss of PMS2 was seen in 74 (25%) of 293 cases tested for IHC for PMS2. Only 1 MLH1 mutation carrier had loss of PMS2, which also had associated loss of MLH1 on IHC. Overall, abnormal IHC results consistent with the gene mutation were observed in the tumors of 12 (86%) mutation carriers, yielding a sensitivity of 86%, specificity of 67%, PPV of 10%, and NPV of 99%.
molecular tumor testing in the high-risk clinic-based cohort
MSI. Only 24 of the high-risk clinic-based cases underwent MSI testing; of these, abnormal MSI results were observed in 21 (87%) cases, with 1 (4%) having MSI-low tumor and 20 (83%) with MSI-high tumors. Among the 16 mutation carriers who had MSI testing, 15 (94%) had MSI-high tumors and 1 (6%) had an MSI-low tumor. Of the 9 MLH1 mutation carriers who had MSI testing, 1 (11%) had MSI-low tumor and 8 (89%) had MSI-high tumors. All MSH2 mutation carriers (6/6) who had MSI testing had MSI-high tumors. Only 1 MSH6 mutation carrier had MSI testing that was MSI-high. Abnormal MSI results had 100% sensitivity, 38% specificity, PPV of 76%, and NPV of 100% for identifying cases with germline mutations. In terms of identifying cases with abnormal IHC, MSI yielded a sensitivity of 100%, specificity of 60%, a PPV of 90%, and an NPV of 100%. Conversely, the sensitivity and specificity of IHC staining to detect MSI-high/low tumors were 90 and 100%, respectively.
IHC.
Abnormal results were seen in 26 (37%) of 70 cases who had IHC testing for MLH1, of which 22 had a germline MLH1 mutation. Abnormal results were seen in 28 (38%) of 74 cases who underwent IHC testing for MSH2. Of these, 21 were MSH2 mutation carriers. Among 69 cases who had IHC testing for MSH6, 31 (45%) had abnormal results. Of these, 19 had germline MSH2 mutations, and 5 had germline MSH6 mutations. Loss of PMS2 was seen in 22 (42%) of 52 cases tested for IHC for PMS2. A total of 18 MLH1 mutation carriers had loss of PMS2, which also had associated loss of MLH1 on IHC. Fifty-one of the 80 mutation carriers had IHC testing, of which 48 (94%) had abnormal results consistent with the gene mutation. In general, having an abnormal IHC result in any of the four MMR genes yielded a sensitivity of 94%, specificity of 48%, PPV of 80%, and NPV of 79% for identifying germline mutation carriers.
Prediction scores in the population-based cohort
Discriminative ability. PREMM 1,2,6 , MMRpredict, and MMRpro were able to distinguish mutation carriers from noncarriers with an AUC of 0.77 (CI: 0.60-0.93), 0.76 (CI: 0.54-0.97), and 0.77 (CI: 0.61-0.92), respectively, for the population-based cohort (Figure 1) . For a fair comparison of discrimination, we also ran the analysis in the 56 EC cases that had a complete set of three scores, which yielded comparable results, with an AUC of 0.74, 0.79, and 0.87 for PREMM 1, 2, 6 , MMRpredict, and MMRpro, respectively. All predictive models tended to overestimate the risk of finding a mutation in this cohort. Compared with an observed mutation prevalence of 3% in this cohort, average prediction scores for having a mutation were as follows-PREMM 1,2,6 , 8%; MMRpredict (proximal), 11%; and MMRpro, 6%. Table 2 presents the distribution of subjects for the population-based cohort according to the prespecified risk groups for each prediction model. PREMM 1, 2, 6 scores. In this cohort, 533 (95%) subjects garnered a PREMM 1,2,6 score ≥5%. The mean PREMM 1,2,6 score was 8 (SD = 8), with mutation carriers having a higher mean PREMM 1,2,6 score than noncarriers (23 vs. 8, respectively, P = 0.03). Using a ≥5% cut-off score, the PREMM 1,2,6 model had 93% sensitivity, 5% specificity, a PPV of 2%, and an NPV of 97%.
MMRpredict scores. Using the diagnosis of EC in place of a proximal CRC, all 175 cases obtained MMRpredict scores above 0.5%, the cut-off recommended for genetic testing of CRC patients. The mean MMRpredict score was 11 (SD = 20); mean score for mutation carriers was higher than for noncarriers (42 vs. 10, respectively, P = 0.08). MMRpredict had 100% sensitivity using a 0.5% threshold but 0% specificity and a PPV of 5%. Using a 5% cut-off, MMRpredict had a sensitivity of 71%, specificity of 64%, PPV of 9%, and NPV of 98%.
However, when EC was substituted for a distal CRC, an MMRpredict score cut-off of 0.5% missed one (14%) mutation carrier in this cohort with a specificity of 40%, whereas a 5% cut-off produced 57% sensitivity and 88% specificity.
MMRpro scores.
Only 41/232 (18%) population-based EC cases for which MMRpro scores were calculated received MMRpro scores ≥5%. The mean MMRpro score for this cohort was 6 (SD = 18), with a higher mean score for mutation carriers compared with noncarriers (34 vs. 4, respectively, P = 0.02). Using a score cut-off of ≥5%, MMRpro missed 6 (43%) mutation carriers, yielding 57% sensitivity, 85% specificity, a PPV of 20%, and an NPV of 97%.
When molecular tumor testing results were incorporated into the MMRpro calculation, an MMRpro score >5% missed 5 (36%) mutation carriers and had a sensitivity of 64%, specificity of 89%, PPV of 27%, and NPV of 98%.
Prediction scores in the clinic-based cohort
Discriminative ability. For the clinic-based cohort, PREMM 1,2,6 and MMRpro were able to distinguish mutation carriers from noncarriers with AUCs of 0.67 (CI: 0.58-0.77) and 0.64 (CI: 0.54-0.73). However, MMRpredict did not perform as well, with an AUC of 0.54 (0.43-0.66) (Figure 1) . To fairly compare the discriminative ability among the three models, we also ran the analysis in the 99 EC cases that had a complete set of three scores, which yielded comparable results, with AUCs of 0.60, 0.54, and 0.62 for PREMM 1, 2, 6 , MMRpredict, and MMRpro, respectively. Compared with an observed mutation prevalence of 62% in this cohort, PREMM 1,2,6 and MMRpredict underestimated the risk of finding a mutation, with average prediction scores of 49% for PREMM 1,2,6 and 60% for MMRpredict (proximal). In contrast, MMRpro overestimated the risk of finding a mutation with an average prediction score of 74%. Table 3 presents the distribution of subjects for the clinicbased cohort according to the prespecified risk groups for each prediction model. PREMM 1, 2, 6 scores. Almost all (127/129) subjects garnered a PREMM 1,2,6 score ≥ 5%. The mean PREMM 1,2,6 score was 49 (SD = 29), with mutation carriers having a higher mean score compared with noncarriers (55 vs. 39, respectively, P = 0.001). Using a ≥5% cut-off score, the PREMM 1,2,6 model had 99% sensitivity, 2% specificity, a PPV of 62, and an NPV of 50.
MMRpredict scores. Replacing a proximal CRC with EC, none of the clinic-based EC cases received an MMRpredict score <0.5%. The mean score was 60 (SD = 35). The mean score of mutation carriers was 58 and that of noncarriers was 64 (P = nonsignificant). MMRpredict also had 100% sensitivity, 0% specificity, and a PPV of 69% in the clinic-based cohort using a 0.5% threshold if the EC was treated as a proximal tumor. Using a 5% cut-off, MMRpredict had 91% sensitivity, 0% specificity, a PPV of 67%, and an NPV of 0%. However, when EC was substituted for a distal CRC, an MMRpredict score cut-off of 0.5% would miss 2 (3%) mutation carriers, yielding 97% sensitivity and 0% specificity, whereas a 5% cut-off produced 75% sensitivity and 16% specificity.
MMRpro scores. In the clinic-based cohort, only 9 (7%) EC cases received MMRpro scores <5%. The mean MMRpro score was 74 (SD = 36), and the mean score was higher for the mutation carriers compared with the noncarriers in the clinic-based cohort (79 vs. 65, respectively, P = 0.04). Using a score cutoff of ≥5%, MMRpro yielded 95% sensitivity, 10% specificity, a PPV of 63%, and an NPV of 56%.
When molecular tumor testing results were incorporated into the MMRpro calculation, an MMRpro score >5% missed 6 (7%) mutation carriers and had a sensitivity of 93%, specificity of 22%, PPV of 66%, and NPV of 65%.
Supplementary Tables S1 and S2 online present the sensitivity, specificity, PPV, and NPV at the higher cut-off levels for all models in the population-and clinic-based cohorts, respectively.
discUssiOn
We report on the performance of three prediction models in detecting LS among population-and clinic-based EC cases. Our analysis in these large cohorts reveals that these models were able to statistically distinguish mutation carriers from noncarriers, as reflected by their AUC, with the exception of MMRpredict, which had poor discrimination among clinicbased EC cases. The performance of PREMM, MMRpredict, and MMRpro was comparable in the population-based cohort, whereas PREMM and MMRpro had comparable discrimination in the clinic-based cohort. However, the discriminative ability of these models is much lower among probands with EC than among probands with CRC.
We further explored the clinical utility of these models by looking at the number of probands who would be referred for germline testing and the number of mutation carriers missed if a 5% cut-off was used. Using PREMM 1,2,6 >5%, almost all (95-99%) EC cases would have been referred for germline testing and would have still missed 7% of mutation carriers among population-based EC cases and 1% of mutation carriers among cases from clinic-based families. By comparison, an MMRpredict score >5% would have selected only 14-38% (depending on whether the tumor was considered proximal vs. distal) of population-based EC cases for genetic testing, but would have missed 29-43% of mutation carriers. Among clinic-based cases, 78-94% would have been referred for genetic testing, yet 9-25% of mutation carriers would still have been missed. MMRpro would refer only 18% of population-based EC cases for genetic testing; however, it would miss 43% of mutation carriers. Conversely, MMRpro would have missed only 5% of mutation carriers among clinic-based EC cases, but almost all (93%) would have been referred for genetic testing. Incorporating the molecular tumor testing results into the MMRpro calculation yielded similar findings. These results indicate that although the sensitivity is high and comparable among the models, the specificity in clinic-and population-based cohorts was low. This limitation leads to a large pool of subjects eligible for genetic testing using a 5% cut-off and thereby hinders their clinical <5% 2 (2) 1 (2) 1 (1) 5-9% 5 (4) 3 (6) 2 (2) 10-19% 20 (15) 13 (27) 7 (9) 20-29% 19 (15) 10 (20) 9 (11) 30-39% 14 (11) 3 (6) 11 (14) ≥40% 69 (53) 19 ( To date, studies validating LS prediction models have only been conducted on CRC cohorts and have shown that prediction models perform remarkably well in discriminating mutation carriers from noncarriers, with AUCs ranging from 0.73 to 0.93 in clinic-based cohorts [16] [17] [18] and 0.91 to 0.96 in population-based cohorts. 14, 15 High sensitivity and specificity were also demonstrated in these studies, 14, 15, 18 indicating the clinical usefulness of these models as a potential screening tool for LS. The only other study looking at LS prediction models among EC cases examined the sensitivity of PREMM 1,2 , MMRpredict, and MMRpro in 13 population-based EC cases with LS and showed that these models performed reasonably well in EC cases, with sensitivities ranging from 64 to 100%. 24 Our larger analysis supports the high yield in sensitivity but also reveals that the predictive models tend to assign greater weight to a diagnosis of EC compared with CRC (e.g., just the presence of an EC diagnosis in a proband results in a PREMM 1,2,6 score above the 5% cut-off point).
We recognize that our study has several limitations. One limitation is the small number of mutation carriers (N = 14) in the population-based cohort. In addition, not all EC cases underwent germline mutation analysis. In the population-based cohort, the majority of EC cases that had normal tumor MMR results and no germline testing were classified as noncarriers. It is possible that a few of these cases could have had a mutation. Likewise, not all EC cases included in the clinic-based cohort underwent germline testing. For these cases, we had to extrapolate their mutation status by assigning the germline testing results of a first-degree relative. It is possible that the EC patients who did not have germline testing but were classified as mutation carriers may have had sporadic EC. Having information on EC features associated with LS or with sporadic cases, such as patient's body mass index for the former and history of polycystic ovarian syndrome for the latter, could have further aided in the classification of whether these non-germline tested EC cases were mutation carriers. However, this information was not readily available. Another limitation of our study was that family cancer history for all population-based cancer cases was based on proband reports and largely unconfirmed. Nevertheless, several studies have shown that patient reports of family cancer history, particularly in first-degree relatives, are accurate. 25, 26 Despite these limitations, our study is the only one to date that presents a comprehensive assessment of the performance of LS prediction models among large cohorts of populationbased and clinic-based EC cases. Our results show that when prediction models for LS are used in patients with EC, the discriminative ability for detecting MMR gene mutation carriers is lower than that seen in patients with CRC. Consequently, these models in their current form have limited clinical utility in determining which patients with EC should undergo clinical genetic testing for LS, irrespective of clinic-or populationbased ascertainment.
The poorer performance of the LS prediction models among EC cases compared with CRC cases is not surprising considering that these models were developed and validated on CRC cohorts. As such, features associated with ECs in LS were not taken into account during model development. One of these features refers to the anatomic location of the endometrial tumor. Recent studies have shown that lower uterine segment anatomic location of the endometrial tumor may be associated with LS. [27] [28] [29] Another feature of LS-associated EC not factored into the current models is the body mass index. It has been shown that LS EC patients had lower body mass index than their sporadic counterparts. 5, 8, 30 Pathologic characteristics, including poorly differentiated tumors, higher stage disease, and deeper myometrial invasion, have also been associated with DNA MMR mutations in EC. 1, 30 The heterogeneity of LS ECs as evidenced by the predominance of MSH6 mutation carriers among population-based cases compared with mostly MLH1 and MSH2 carriers among high-risk clinic-based cases is another possible reason why the models at their current forms did not perform as well. These features must be considered to quantify the risk for LS among EC cases.
Our analysis showed that the sensitivity and specificity of MSI and IHC in identifying mutation carriers are considerably higher than that of any of the prediction models. This finding supports the use of molecular tumor testing in screening for LS among EC cases. A screening algorithm that has been proposed entails IHC testing in women younger than 50 years, in older women with tumors exhibiting features associated with MSI, and in cases where personal or family history is suggestive of hereditary nonpolyposis CRC. If loss of MSH2 or MSH6 is detected, the next step would be gene mutation analysis. Loss of MLH1 or PMS2 will warrant additional testing for DNA hypermethylation. If this is absent, the next step would be gene mutation analysis. 8, 28 Our data support this recommendation because there was a substantial proportion of EC patients with MSI and loss of MLH1 expression, where no MLH1 mutation was identified; these cases presumably represent somatic hypermethylation of MLH1. A recent study revealed that IHC triage of all ECs could identify the most mutation carriers and prevent the most CRCs but at considerable cost, whereas IHC triage of women with EC at any age having at least 1 first-degree relative with an LS-associated cancer is a cost-effective strategy for detecting LS. 31 Identifying women who may have LS is important and remains a challenge. It is apparent that personal and family history, using either established clinical criteria 6 or prediction models, is not robust in selecting those who should undergo predictive germline testing among EC cases. This finding implies that at the current time, universal IHC and MSI analysis is the only way available to screen for LS in patients with EC and should be implemented more widely in the pathologic evaluation of newly diagnosed EC. If the goal is to provide a quantitative risk estimate of having LS, new prediction models developed from EC populations will be needed.
